Abstract: A natural zeolite, clinoptilolite, from a deposit in Sonora, México was used for the removal of Cd ions from aqueous solution with a Cd concentration in the range 1-10,000 ppm. To improve the sorption properties, the natural clinoptilolite was conditioned by means of cation exchange in Na and NH4 solutions. Natural and the two treated forms of clinoptilolite were used in Cd sorption experiments, and the results were compared to assess the effects of the conditioning processes. The reduction of Cd in the aqueous solution, measured by atomic absorption spectroscopy, and the corresponding increase of Cd loaded in the clinoptilolite powders, as measured by EDS, as a function of cationexchange time, revealed the Cd sorption properties of the three types of clinoptilolite powders. The results show that natural clinoptilolite has the capacity to remove Cd from the aqueous solutions, and that such capacity improves when it is modified to the clinoptilolite-Na and clinoptilolite-NH4 forms. Both the percentage of Cd removed from the aqueous solution and the amount of Cd loaded in clinoptilolite are higher for the modified Na and NH4 forms in the complete range of Cd aqueous solution concentrations analyzed. Among the modified clinoptilolite forms, the NH4 showed the better Cd sorption properties with higher percentages of Cd removed from the water solutions and higher Cd loaded into the powders after sorption experiments. Based on this work, it is concluded that natural clinoptilolite is a promising mineral for the removal of heavy metals, such as Cd, from contaminated water.
INTRODUCTION
Natural zeolites are readily available and low-cost minerals, the properties of which can be exploited for a wide range of applications [1] [2] [3] [4] [5] [6] [7] [8] . They are composed of three of the most abundant elements on earth, Si, Al and O, arranged in SiO 4 and AlO 4 basic tetrahedra, forming a porous, crystalline structure of cages and channels with molecular dimensions. The unbalanced charge produced by the AlO 4 tetrahedral molecules is stabilized by monovalent and divalent extra-frame cations, the amount of which is directly related to the silicon-aluminum (Si/Al) ratio of the natural zeolite. Because of their natural origin, the types of cations in natural zeolites varies, Na, K, Mg and Ca being the most common. These extra-frame cations are weakly linked to the framework structure and therefore can be easily exchanged for other types of cations by means of simple processes. Their porous structure, along with the cation-exchange properties, give natural zeolites the ability to be used for inclusion chemistry, allowing their easy modification for a wide diversity of important applications.
Natural zeolites have volcanic origin; they are formed by the interaction of volcanic rocks and ash with alkaline groundwater. There are around 40 types of natural zeolite frameworks, the most common being clinoptilolite, heulandite, chabazite, and phillipsite. The chemical composition and purity of natural zeolite tuffs are subject to some degree of variation, depending on their origin region. Independent of origin, it is very common to find other minerals, such as quartz, or metals in the natural zeolite tuffs, as well as mixtures with other types of natural zeolite. This is one of the main disadvantages of natural zeolites, although it has not discouraged their use because of their great abundance and availability. Using proper pretreatments it is possible to improve the purity and cation-exchange properties of natural zeolites. Nowadays, natural zeolites are used as additives in cattle food, additives in concrete, sorbents in agriculture and mining, for removing heavy metals from water and soil, for removing of dyes, for removing of radioactive isotopes from radioactive wastes, as bactericide products, and more [1] [2] [3] [4] [5] [6] [7] [8] [9] .
Clinoptilolite has been one of the most studied natural zeolites because its abundancy in many regions of the world. It has a crystalline structure corresponding to the monoclinic crystalline system and a generic chemical formula (NaKMgCaFe) 3-6 ·[(SiO 2 ) 30 (AlO 2 ) 6 ]·24H 2 O. Three types of channels form the porous structure of clinoptilolite. One of the channels is formed by eight-membered adjacent rings with free access of 0.26 x 0.47 nm. Two other parallel channels are formed by eight members with window access of 0.33 x 0.46 nm and 10 members with window access of 0.3 x 0.76 nm. There are three minerals associated with clinoptilolite, depending on the major cation in its chemical composition, namely: clinoptilolite-Na, clinoptilolite-K and clinoptilolite-Ca. Clinoptilolite has a high Si/Al ratio, with values larger than 4.
The principal properties of clinoptilolite are high chemical and thermal stability, and resistance against ionizing radiation and corrosion. It also has great capability for heavy-metal-cation exchange, including radioactive isotopes. Based on these properties, clinoptilolite can be used in many applications in agriculture, medicine and industry. Among the most important ones are improvement and pH-regulation of soil, elaboration of fertilizers, elaboration of detergents and deodorants, molecular sieve, sorption of heavy metals and dyes, food additive, and sorption of toxins [2] [3] [4] [6] [7] [8] .
Due to its large Si/Al ratio and to its polycationic characteristic, the cation-exchange properties of clinoptilolite are rather deficient. That is why, for most applications, clinoptilolite in its natural form has to be modified by means of appropriate pretreatments [10] [11] [12] [13] . The purpose of the treatments is basically to convert clinoptilolite from polycationic to monocationic by means of cation-exchange processes. Thus, it is possible to obtain the so-called clinoptilolite-Na, clinoptilolite-Ca, and clinoptilolite-H forms by suitable cationexchange processes. The effectiveness of these treatments depends on several parameters, such as temperature and time of the ion-exchange process, as well as the concentration of the cationic solution. However, because of the difficulty in exchanging some natural cations in clinoptilolite, the monocationic character is difficult to attain, and therefore these forms of clinoptilolite are referred to as Na, Ca or H-enriched clinoptilolite.
In a previous paper [11] we reported the structural, chemical composition, and chemical state modifications of clinoptilolite samples produced by two types of cation-exchange processes. The analyses were done on a natural clinoptilolite from Sonora, México, and the modifications were produced by cation exchange in Na + and NH 4 + solutions to obtain clinoptilolite-Na and clinoptilolite-NH 4 forms, respectively. In this work, we have applied the natural clinoptilolite and the Na and NH 4 forms to the removal of heavy Cd ions from aqueous solutions. The efficiency of the removal of Cd by the three forms of clinoptilolite was determined from the amount of Cd measured in the Cd aqueous solution after exchange processes, as a function of time. Chemical composition measurements on the clinoptilolite powders after the exchange processes also provided information about the sorption of Cd ions by the clinoptilolite samples.
EXPERIMENTAL DETAILS
The clinoptilolite powder used in this work was obtained from a tuff which origin was a mineral deposit located in Sonora, Mexico. To obtain clinoptilolite in powders form, the tuff material was ground and sieved to average particle diameters of 0.075 mm (200 USMesh) and 0.1 mm (150 US-Mesh). The ground natural clinoptilolite powder was labeled "CLI". The ground natural powder was modified by two different processes to obtain clinoptilolite-Na and clinoptilolite-NH 4 forms, labeled "CLI-Na" and "CLI-NH 4 ," respectively. To obtain CLI-Na, the CLI powder was subjected to a treatment of cation exchange in a 0.5 M NaCl solution and stirred at reflux temperature for 30 min. The Na-exchanged clinoptilolite powder was separated by filtration and successively washed with deionized water. Finally, the obtained CLI-Na powder was dried at room temperature. To obtain CLI-NH 4 , CLI powder was mixed in a 0.5 M NH 4 Cl solution and stirred at reflux temperature for 30 min. After this process the CLI-NH 4 powder was filtered, washed and dried in the same way as for the Na-exchange process.
For the Cd sorption experiments, CdCl 2 aqueous solutions were prepared at 0.1, 0.01 and 0.001 M concentrations, respectively. To 100 ml of each of these solutions, 3 g of the three clinoptilolite powder was added and magnetically stirred at room temperature. This was done for the CLI, CLI-Na and CLI-NH 4 , producing nine solutions. The sorption experiments were performed for 1, 5, 15, 30 and 60 min, after which both the aqueous solution and clinoptilolite powders were collected. The clinoptilolite powders were washed and dried in the same manner as used in the exchange processes. The residual atomic percentage of Cd in the aqueous solutions was measured by atomic absorption spectroscopy (3110 Perkin Elmer atomic absorption spectrometer). The amount of Cd removed by the clinoptilolite samples from the Cd aqueous solutions was measured by energy-dispersive X-ray spectroscopy (EDS) (Phillips ESEM XL30 microscope). The crystalline structure of the clinoptilolite powders was analyzed by X-ray diffraction (XRD) measurements (Rigaku DMAX2100 diffractometer).
RESULTS AND DISCUSSION
To confirm that the crystalline structure of clinoptilolite was not modified after the Na and NH 4 processes, the X-ray diffraction patterns of the three samples were measured and are shown in Figure 1 . As anticipated, the three patterns are similar, displaying the same diffraction peaks, confirming that the crystalline structure of CLI-Na and CLI-NH 4 is not affected by the cation-exchange processes. From these patterns, it can be concluded that the main crystalline phase in the natural zeolite is clinoptilolite-Ca (JCPDS #039-1383), mixed with some heulandite-Ca (JCPDS #041-1357), a mixture that is common in natural clinoptilolite tuffs [12] [13] [14] [15] . The weight percentage (wt %) of Cd in the CLI powders, measured by EDS, as a function of exchange time, is given in Table 1 . These are the amounts of Cd captured by clinoptilolite from the aqueous solution by cation exchange with the natural cations of clinoptilolite, mainly Na and Ca cations. As with the amount of Cd measured in the residual water, the amount of Cd in the CLI powders varies quickly (in this case increases) for the first 15 minutes and subsequently stabilizes, which can be related with cation-exchange equilibrium. The weight percentages (wt %) of Cd in the CLI-Na powders as a function of exchange time are shown in Table 2 . The higher values of wt % of Cd in the CLI-Na samples, as compared with the CLI samples, indicate that the Cd sorption properties of clinoptilolite were improved by its modification in the NaCl solutions to acquire the CLI-Na form. The highest amounts of Cd in the CLI-Na samples were 0.80, 1.27 and 1.91 wt % for the 0.001, 0.01 and 0.1 M concentration solutions, respectively. These values are 45, 25 and 8% higher than those for the corresponding CLI samples. Figure 6 shows the evolution of the Cd concentration in the solutions where CLI-NH 4 powders were used to remove Cd ions. The trend of the Cd concentration is similar to the CLI and CLI-Na cases, although at the lowest Cd concentration (0.001 M) the values increases with time after initially decreasing quickly. That is, Cd ions are released after being exchanged by the CLI-NH 4 powder. From these results, the corresponding percentages of Cd removed from the aqueous solutions as a function of time were determined and plotted in Figure 7 . Here the 0.001 and 0.01 M Cd solutions display a fast initial increase followed by a This conclusion is also reached via the wt % of Cd in the CLI-NH 4 powders as a function of exchange time ( Table 3) . For this clinoptilolite form, the values of wt % of Cd loaded in the powders after the sorption experiments are higher than those of the other two types of clinoptilolite samples. The highest amounts of Cd in the CLI-NH 4 samples were 2.21, 1.37 and 0.83 wt % for 
CONCLUSIONS
In this work we have applied a natural zeolite clinoptilolite from Sonora, México, in the natural and Na and NH 4 cation-exchange-modified forms, to the Cd sorption from aqueous solutions. The Na and NH 4 forms of clinoptilolite were obtained by simple cationexchange processes in NaCl and NH 4 Cl solutions, respectively. The Cd sorption from aqueous solutions was produced by cation-exchange processes in the clinoptilolite powder samples. The Cd sorption efficiency of the three forms of clinoptilolite samples was assessed from measurements of the Cd concentration (ppm) in the residual water and by the Cd loading (wt %) in the clinoptilolite powders after the cation exchange processes. It was found that both modified forms, CLI-Na and CLI-NH 4 , improve the Cd sorption efficiency of natural zeolite (CLI), CLI-NH 4 being the better at removing Cd from aqueous solutions. The highest percentages of Cd removed from the solutions by CLI-NH 4 samples were 43.22, 82.20 and 97.33% for the 0.001, 0.01 and 0.1 M concentration solutions, respectively. The largest amounts of Cd in the CLI-NH 4 samples were 2.21, 1.37 and 0.83 wt % for the 0.1, 0.01 and 0.001 M concentration solutions, respectively. These values are 67, 34 and 12% higher than those corresponding to the CLI samples, and 16, 8 and 4% higher than the CLI-Na samples. The results reported in this work show that natural clinoptilolite is a promising mineral to be applied to solving ambient contamination, specifically for the removing of heavy metals, such as Cd, from contaminated water. Furthermore, it was shown that the conditioning pretreatments of natural clinoptilolite improved its sorption properties for these applications. 
